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The influence of flow rate and chloride delivery on TCH2O for-
mation in the rat. The relationship between TCH2O and osmolar
clearance (Csm) in the rat was examined under conditions of a)
high flow rates, and b) reduced chloride delivery to the ascending
limb. The latter condition was achieved by infusing hypertonic
sodium bicarbonate into both normal and chloride-depleted rats.
It was demonstrated in control rats that, at high osmolar clear-
ances produced by hypertonic sodium chloride infusion, the
relationship between TCH2O and Cosm became curvilinear.
T°H2o formation was depressed when sodium bicarbonate was
infused into normal rats, and further depressed when chloride-
depleted rats were similarly infused. In some instances, free
water formation actually occurred. It is concluded that, contrary
to previous reports, hypotonic fluid is delivered into the medullary
collecting duct at very high rates of osmolar clearance in the rat.
In addition, sodium bicarbonate appears not to be reabsorbed in
the ascending limb, as judged by the depression of TCH2O for-
mation which occurred with increasing sodium bicarbonate
delivery to the loop. Sodium transport in the ascending limb
therefore appears to be dependent upon chloride as the specific
accompanying anion.
Influence du debit tubulaire et du debit de chlore sur Ia formation
de T°H2o chez le rat. La relation entre le TCH2O et Ia clearance
osmolaire (Cosm) chez le rat a été étudiée dans différentes con-
ditions de a) debits tubulaires élevés et b) de debits de chlore a
la branche ascendante diminués. Cette derniêre situation a ete
réalisée par Ia perfusion de bicarbonate de sodium hypertonique
chez des animaux normaux ou déplétés en chlore. II a été dé-
montré chez les animaux témoins qu'au cours des périodes de
clearance osmolaire élevée produites par la perfusion de chlorure
de sodium hypertonique Ia relation entre TCH2O et Csm devient
curviligne. Le T5H,o a été diminué par la perfusion de bicarbonate
de sodium a des rats normaux, et encore plus diminué quand des
rats déplétés en chiore ont été perfusés de la méme facon. Dans
quelques cas une excretion d'eau libre est apparue. I! est conclu,
contrairement aux travaux antérieurs, que du liquide hypotonique
est délivré aux canaux collecteurs médullaires chez le rat quand
la clearance osmolaire est trés élevée. De plus le bicarbonate de
sodium semble ne pas être réabsorbé dans la branche ascend-
ante ainsi qu'en témoigne Ia depression du TCH20 qui survient
quand des quantités croissantes de bicarbonate de sodium sont
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délivrées a l'anse. Le transport de sodium dans la branche
ascendante apprait donc dependre du chlore qui est l'anion
spécifique d'accompagnement.
The concentrating capacity of the kidney has been prin-
cipally studied in the dog using clearance procedures [1—4].
While these studies have provided considerable information
about the concentrating mechanism, their interpretation
has at times been difficult as a consequence of the finding
that the fluid at the end of the distal tubule in the dog is
always hypotonic to plasma, even during hydropenia [5].
In addition, it appears that with increasing rates of urine
flow, the point of isotonicity may be shifted progressively
along the medullary collecting duct, thus resulting in de-
pressed TCH2O formation despite normally increasing rates
of sodium transport in the ascending limb [3, 5]. At very
high flow rates and high osmolar clearances, free water
may actually be excreted, even in normal dogs [2]. Presum-
ably in these instances, a point of isotonicity is never attain-
ed along the collecting duct prior to final urine formation.
By contrast to the dog, previous studies in the rat have
suggested that under conditions of hydropenia or osmotic
diuresis the fluid leaving the distal tubule is always isotonic
to plasma. This has been demonstrated by Gottschalk
et al [6, 7] using micropuncture procedures, and has been
inferred from the linear relationship between osmolar
clearance (Cosm) and TCH2O found in previous clearance
studies in normal animals of this species [8—11]. The rat
would thus appear to be a more satisfactory species than
the dog for studies of the concentrating capacity by clearance
procedures. It seems surprising, therefore, that this species
has not been used more extensively for such studies.
Previous investigations from our laboratory have de-
monstrated that in the dog, both free water clearance
(CH2O) [12] and TCH20 formation [13] are depressed when
bicarbonate delivery to the ascending limb is increased in
association with a significant reduction in chloride delivery.
These results suggest that sodium chloride, but not sodium
bicarbonate, is reabsorbed in the ascending limb. However,
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an alternative interpretation of the depressed TCH2O curves
cannot be completely excluded. Conceivably, if sodium
bicarbonate were avidly reabsorbed in the ascending limb,
then the tubular fluid leaving this segment would be ren-
dered more hypotonic than normal and increased distal
water reabsorption would be required for the fluid to reach
isotonicity. At high rates of flow, this might result in a shift
of the point of isotonic equilibrium distally along the collect-
ing duct, thereby decreasing measured TCu2o formation.
The present study of T°H2o formation in the rat was there-
fore undertaken with two purposes in mind: 1) to examine
T0H2O formation at higher rates of osmolar clearance than
previously reported in order to assess whether hypotonic
fluid might be delivered into the collecting duct with the
induction of massive flow rates; 2) to examine the relative
contribution of sodium bicarbonate and sodium chloride
to sodium transport in the ascending limb and hence to
TCH2o formation. Results indicate that in the rat, as in the
dog, there is a curvilinear relationship between TCH20 and
Csm when high flow rates are achieved, and that isotonic
equilibration does not always occur in the distal nephron.
Sodium chloride, but not sodium bicarbonate, appears to
be the substrate for sodium transport in the ascending limb
and hence TCH20 formation.
Methods
Studies were performed on 23 male Sprague Dawley rats
weighing between 200 and 375 grams. Water was withdrawn
from all animals at least 15 hr prior to the commencement
of the experiment at which time each animal received one
unit of Pitressin Tannate in Oil (Parke-Davis) subcutaneous-
ly.
Anesthesia was induced with mactin (Promonta, Ger-
many) administered intraperitoneally in a dose of 100 mg/kg
body wt. Tracheostomy was then performed and PE 50
catheters were inserted into the left external jugular vein,
the left femoral artery and the bladder, the latter through
a suprapubic incision. Intravenous fluid was infused via the
jugular vein catheter. Blood pressure was monitored, and
blood samples were collected through the femoral artery
catheter.
At the completion of surgery, an infusion containing
10 j.tCi/ml of 14C-carboxy inulin and 25 mU/mlof aqueous
Pitressin® was started at 0.02 mI/mm and continued at
this rate for the remainder of the experiment. The parent
solution for this infusate varied according to the group to
which the animal belonged (see below). One hour was
allowed for equilibration of the marker, after which a timed
20 to 30 mm urine sample was collected (control period).
A midpoint blood sample was taken during this period.
Following the control period, a progressive solute diuresis
was induced with various hypertonic solutions (osmolality
approximately 400 mOsm/kg) in the following groups:
Normal rats. These rats were maintained on a normal
chow diet prior to study.
Group I (N= 8): infusate 1.2% sodium chloride; Group
II (N= 5): infusate 1.6% sodium bicarbonate; Group III
(N=3): infusate 7.1% mannitol.
Chloride-depleted rats. This group was chronically de-
pleted of chloride using the method of Mello Aires and
Malnic [14]. The regime involved the administration for
8 to 10 days prior to study, of an artificial chloride-free
liquid diet to which 1.5 g/100 ml NaHCO3 and KHCO3 had
been added. Animals ingested approximately 40 ml of this
diet daily. The diet contained adequate protein, calories and
supplements of vitamins and trace elements. Half isotonic
NaHCO3 was substituted for drinking water. Initial chloride
depletion was achieved by the administration of furosemide
(Hoechst), which was added to the drinking solution in a
concentration of 0.4 mg/mI during the first four days of the
chloride-free diet. The chloride-depleted animals were
divided into 2 groups: Group IV (N=4): infusate 1.6%
NaHCO3; Group V (N=3): infusate 1.2% NaCl.
The various hypertonic solutions were infused at in-
creasing rates, commencing at 100 or 200 iii /min and pro-
gressing through 375 p1, 500 p1 and 750 p1 to a final rate
of 1.0 or 1.5 ml/min. Each stepwise increase in infusion rate
was maintained for an equilibration period of 15 to 30 mm
and a subsequent clearance period of 5 to 20 mm. Sufficiently
large urine samples were collected to allow analysis for
osmolality, '4C-inulin, Na, K, Cl and HCO3. Blood samples
were collected at the midpoint of each clearance period and
were subsequently submitted to the same analysis as the
urine samples. At the termination of most experiments, a
blood sample was taken for determination of final serum
electrolyte concentrations.
Analysis. Ten microliter plasma and urine samples were
added to a cocktail comprised of 8.64 ml toluene, 1.00 ml Bio-
Solv Solubilizer (Beckman), 0.36 ml Permafluor (Packard),
and 0.5 ml distilled water, and were counted for '4C activity
in a Packard Model No. 2420 Liquid Scintillation Spectro-
meter.
Plasma and urine osmolalities were measured in duplicate
in a Hewlett-Packard Vapor-Pressure Osmometer (Model
No. 302B). Duplicate measurements could be made on a
total sample of approximately 35 p1.
Sodium and potassium concentrations were measured on
an IL Flame Photometer. Chloride was determined on a
Cotlove Chioridometer, and bicarbonate concentration was
measured using a Natelson Microgasometer, Model 650.
Calculations. Osmolar clearance, Cosm (p1/mm), was cal-
culated from the formula Cøsm = U05m X V where Usm =
Osm
urinary osmolality (mOsm/kg H20); V =urine output
(p1/mm) and Osm =plasma osmolality (mOsm/kg H20).
TCH2o (p1/mm), was calculated according to the expression
TCH2O = Cosm — V.
Statistical handling of data. The method of analysis of
data was as follows: Experimental points were analyzed
within each of five ranges of Cøsm. These ranges were: less
than 250 p1/mm, 250—500 p1/mm, 500—750 p1/mm, 750—1000
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Lu/mm, and greater than 1000 ,sl/min. Mean TC20 and
Cosm were determined for all points within each range for
each of the experimental groups. Differences in means
between groups for each range were then examined for
significance using standard variance analysis [15]. Clearance
data were also compared between groups using variance
analysis.
Results
Group 1: 1.2% NaC1 infusion — Normal Diet (N= 8). All
experimental points for T5H20 plotted against C0sm for this
control group are displayed in Fig. 1. In addition, means
and standard errors for Cøsm and T5H2O in each Cosm range
analyzed are demonstrated. From these mean values, it
appears that there is a tendency for the Tc1120 curve to
become flattened at high osmolar clearances. There is how-
ever, no suggestion that TCH20 decreases or becomes ne-
gative, even at very high osmolar clearances and urine
flows.
The first line of Table 1 details mean Cosm and T51120 in
each of the analyzed ranges of Csm for this group while
the first line of Table 2 details clearance data at maximum
osmolar clearance. In the rats infused with sodium chloride
(Group I) the average urine flow (V) attained at maximum
osmolar clearance was 753.2 90.1 jsl/min, average GFR
was 3.88 0.38 ml/min, average sodium excretion (UNaV)
was 166.2 16.1 LEq/min, and average fractional excretion
of sodium (FENa) was 31.4±5.4%. Chloride excretion
(U1V) averaged 158.3 18.2 isEq/min, bicarbonate excre-
tion (UHCO3V) 2.7±1.2 j.tEq/min, and fractional excretion
of water (FEH20) 22.1 Plasma potassium concen-
tration (BK) in terminal plasma was 4.06 0.18 mEq/liter.
Group II: 1.6% NaHCO3 infusion — Normal diet (N= 5).
Table 1 (second line) details the means and standard errors
400 800
Cosm, il/min
Fig. 1 Mean values 1 SE of Csm and TCH2O for each analysed
range of C5m, along with all experimental points for Group I
animals are displayed. The flattening of the Tc2o curve above a
Cosm of approximately 400 Lu/mm is readily apparent.
of Csm and TCH2O for this group in the ranges of C0sm
analyzed. In the 0—250 jul/mm range and the 250 to 500
jul/mm range, neither Cøsm nor TCH20 values differed signi-
ficantly from Group I rats. In the range 500 to 750 jsl/min,
mean Cosm in the NaHCO3 group was 616.6 38.1, a value
not significantly different from that for Group I rats. Mean
TCH2O was however only 173.1 38.1 jsl/min, this being
significantly lower than the comparable value in Group I
(P <0.05). In the 750 to 1000 jsl/min range, C0sm was not
Table 1. Osmolar clearance (Cøsm) and TCH2O at various ranges of Csm
Osmolar Clearance Range
0—250 jsl/min 250—500 jil/min 500—750 jil/min 750—1 000 jil/min >1000 jil/min
Group Infusate Diet Csm TCH2o
p1/mm p1/mm
Cosm TCH20
p1/mm p1/mm
Cosm TCH20
p1/mm p1/mm
Csm Tc1120
p1/mm p1/mm
Cosm TCH2o
p1/mm p1/mm
I (N=8) 1.2% NaCl Normal 81.9 69.4
10.4 8.4
(N=17)
370.1 209.7
24.8 11.5
(N=8)
648.7 268.4
35.2 16.3
(N=7)
869.9 292.5
34.6 38.7
(N=5)
1354.1 413.2
73.4 97.1
(N=6)
II (N=5) 1.6% NaHCO3 Normal
P valuea
124.3 91.8
30.7 19.8
(N=7)
NSb NS
302.5 184.8
47.0 12.3
(N=4)NS NS
616.6 173.1
38.1 38.1
(N=7)
NS <0.05
897.4 182.8
61.4 38.0
(N=8)NS <0.05
— —
III (N=3) 7.1% Mannitol Normal
P value
54.7 46.9
(N= 3)NS NS
366.7 183.4
(N= 4)NS NS
656.3 195.1
(N= 3)
NS <0.05
879.3 170.4
(N= 4)
NS <0.05
1234.6 56.9
(N= 5)
NS <0.025
Values represent mean 1 SEM.
a Significance compared to Group I as determined by variance analysis.
b NS= not significant.
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Fig. 2. TCH2O curves for Groups I, II
and III are displayed. Mean values
1 SE for Cosm and TCH2O in each
analysed range of Csm are indi-
cated. In the Cosm range above
500 p1/mm, TCH2O formation is sig-
nificantly depressed, in Groups II
and III compared to Group I.
different for the two groups, but TCH2o was significantly
lower (P <0.05). It thus, appeared that during the early
portion of the curve (C0sm <500 tl/min), no significant
difference in T°H2O between NaHCO3 and NaCl infused
animals could be detected, but that above 500 id/mm,
significant depression in TCH2O formation occurred. These
data are graphically displayed in Fig. 2. Despite the de-
pressed TCH2O curves in these bicarbonate-infused animals,
at maximal osmolar clearances, no differences in urine flow,
GFR, UNaV, FENa, FEH2O or plasma potassium concen-
tration were noted in this group compared with Group I
(Table 2). However, UHCO3V was significantly higher
(P<0.001) and U1V was significantly lower (P<0.005)
than in Group I animals.
Group III: 7.1% mannitol — Normal diet (N= 3). Table 1
(line 3) contains mean Cosm and TCH2O values for this
group. No differences were noted in Csm when compared
with the NaC1 infusion group (Group I) in any range ana-
lyzed. TCH20 values did not differ significantly from those of
Group Tin the ranges of Cosm up to 500 id/mm, but in the
ranges of 500 to 750 and 750 to 1000 i.tl/min, TcH20 was
significantly depressed (P <0.05) and in the range 1000
itl/min, markedly depressed (P < 0.025). In this range there
was a decided tendency for T5H2O to fall as Cøsm increased.
Fig. 3. T0H2O curves for Groups I,
IVand V are displayed. Mean values
1 SE for Cosm and TCH2O in each
analysed range of Csm are indi-
cated. The profound depression of
TCH2O formation in the sodium bi-
carbonate-infused, chloride-deple-
ted (Group IV) animals is illustra-
ted. In contrast, T0H2O formation in
the sodium chloride-infused, chlo-
ride-depleted (Group V) animals is
similar to that for controls (Group I).
Fig. 2 illustrates the depression of T5H2O formation in the
mannitol group compared with Group I (sodium chloride
infused) animals, and also illustrates the striking similarity
between TCH2O formation in this group (mannitol) and the
sodium bicarbonate group (Group II). It should be noted
that a higher osmolar clearance was achieved with mannitol
infusion than with sodium bicarbonate infusion.
Clearance data at maximum osmolar clearance are shown
in Table 2. As with the Group II (sodium bicarbonate)
animals, the depressed T52o curves of the mannitol group
were associated with a relatively low chloride excretion
(U1V). The difference in U1V between the mannitol and
Group I animals was statistically significant (P <0.005).
UNaV was also statistically less than in Group I (P <0.001).
This difference in excretion patterns was associated with a
significantly lower serum Na and Cl concentration in the
mannitol group (both P <0.001). V and FEH20 were signi-
ficantly higher in this group when compared to Group I
(both P<0.025). The mean GFR was lower (2.77±0.17
c.f. 3.88 0.38 mi/mm) but this difference was not statisti-
cally significant.
Group IV: 1.6% NaHCO3 —Chloride-free diet (N= 4).
Table 3 contains osmolar clearances and TCfl2Ø values for
this group. Mean Cosm in all ranges did not differ signifi-
500
400
1.2 % NaCl Infusion-Normal diet (N =8)
A—A 1.6% NaHCO3 Infusion-Normal diet (N = 5)
D— 7.1 % Mannitol Infusion-Normal diet (N = 3)
300
0 200
100
200 400 600 800
C0, u1/min
.—. 1.2 %NaCl Infusion-Normal diet (N = 8)
o 1.2% NaCI Infusion-Chloride free Diet (N = 3)
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Table 2. Summary of clearance data at maximum
V
p1/mm
GFR
mi/mm
UNaV
pEq/min
FENa
%
U1V
pEq/mmn
Groupl(N=8) 753.2 3.88 166.2 31.4 158.3
Normal diet
1.2% NaC1 infusion 90.1 0.38 16.1 5.4 18.2
Group II (N=5) 693.2 4.25 125.2 21.8 15.1
Normal diet
1.6% NaHCO3 infusion
pa
56.3
NSb
0.32
NS
8.6
NS
2.2
NS
4.0
<0.005
Group III (N=3) 1240.0 2.77 22.6 9.8 24.3
Normal diet
7.1% Mannitol infusion
P
92.4
<0.025 NS <0.001 <0.05 <0.005
GrouplV(N—4) 768.4 3.50 144.5 30.5 9.1
Chloride Depleted
1.6% NaHCO3 infusion
P
104.4
NS
0.74
NS
18.5
NS
5.6
NS
6.1
<0.005
Group V(N=3) 949.1 4.73 194.9 26.8 213.8
Chloride depleted
1.2% NaCl infusion
P
135.0
NS NS
24.5
NS NS NS
V= urine flow rate; GFR= glomerular filtration rate; UNaV= urinary sodium excretion; FENa= fractional excretion of sodium;
U1V = urinary chloride excretion; UHC03V = urinary bicarbonate excretion; FEH2O =fractional excretion of water; Cosm = osmolar
clearance; "Na = plasma sodium; K =plasma potassium; P1 = plasma chloride; HCO, =plasma bicarbonate.
cantly from either Group I or Group II rats. However,
significant depression of To820 formation was noted when
compared with Group I rats in the Cosm ranges 250 to 500
(P<zO.001), 500 to 750 (P<0.001) and 750 to 1000 uI/mm,
(P <0.005). When compared with Group II rats, differences
in T0H,o formation were noted at all ranges over 250 tl/min
(P<0.005). Values for means and standard errors for
Csm and T°H,o in each of the analyzed ranges of Cosm
for Group IV and Group V (see below) are displayed in
Fig. 3, together with the normal range for Group I (mean
sa). This figure demonstrates a profound depression
of T°H2o formation at all levels of C0sm beyond the 0—250
jtl/min range. At maximal osmolar clearance, TCH2O became
negative in three of the four experiments, the mean value
for the group being —19.1 uI/mm.
Clearance data corresponding to maximal osmolar
clearances for this group are displayed in Table 2 (line 4).
It is noteworthy that the initial concentration of plasma
chloride was normal (90 to 100 mEq/liter), but fell dramati-
cally during the experiment. The marked impairment of
T0H20 formation in this group occurred in association with
extremely low chloride excretion. U1V was significantly
Table 3. Osmolar clearance (Cosm) and T°H2o at various ranges of Cosm in rats on chloride-free diet
Osmolar Clearance Range
Group Infusion 0—250 ui/mm
C05 T°H20
p1/mm p1/mm
250—500 jil/min
Cosm TCH2O
p1/mm pi/miti
500—750 jil/min
Cosm T°H,Q
p//mm p//mm
750—1000 uil/min
Cosm T°H2o
p1/mm p1/mm
>1000 iil/min
Cosm T°H2o
p1/mm p1/mm
IV (N=4)
.
1.6% NaHCO3
pa
107.3 64.9
33.8 17.9
(N= 8)NS NS
303.5 50.6
13.9 21.8
(N= 5)
NS <0.001
618.5 18.9
54.4 38.5
(N= 5)
NS <0.001
864.2 —19.1
69.2 52.3
(N= 3)
NS <0.005
— —
V (N=3) 1.2% NaC1
P
76.6 43.1
(N= 5)NS NS
— 556.1 211.9
(N= 3)NS NS
909.5 296.5
(N= 3)NS NS
1260.8 328.6
(N= 4)NS NS
Values represent mean 1 SEM.
Significance compared to Group I as determined by variance analysis.
NS= not significant.
osmolar clearances for all groups
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UHc03V
uEq/min
FEH20
%
cosm
jil/min TCH20p1/mm
'Na
mEq/liter
'K
mEq/liter
'CL
mEq/liter
'RCO3
mEg/liter
2.7 22.1 1131.1 377.8 150 4.06 125 11.8
91.2 16.6 837.9 144.7 137 3.79 69 51.6
<0.001 NS NS <0.05 <0.01 NS <0.001 <0.001
5.2 45.4 1289.5 49.5 87 4.20 64 20.2
NS <0.025 NS <0.05 <0.001 NS <0.001 NS
111.7 24.0 732.5 —35.9 148 3.36 61 65.7
<0.001 NS NS <0.005 NS NS <0.001 <0.001
6.1 20.1 1267.4 318.3 153 3.75 123 13.5
NS NS NS NS NS NS NS NS
Values represent mean I SEM.
a Significance compared to Group I as determined by variance analysis.
b NS= not significant.
lower (P <0.005) and UHc03V significantly higher (P <
0.001) than in Group I rats. Terminal plasma chloride was
also significantly lower than that of Group I (P<0.001)
while plasma bicarbonate was significantly higher (P <
0.001). Urine flow, FEH20, UNaV, GFR, plasma Na and
plasma K did not differ from Group I.
Although mean plasma chloride concentration and urin-
ary chloride excretion were both lower in the Group IV
animals compared with Group II (P = 61 vs 69 mEq/liter;
U1V =9.1 vs 15.1 i.tEq/min), these differences were not
statistically significant. Terminal plasma bicarbonate was
however significantly higher (65.7 vs 51.6 mEq/liter, P <
0.025). No significant differences were found for V, GFR,
UNaV, FENa, FEH2O or K between Group II and Group IV
animals.
Group V: 1.2% NaC1 Infusion — Chloride-free diet (N= 3).
Because of the possibility that the chloride-free diet itself
created an environment whereby T°H20 formation might be
impaired — potassium depletion or decreased sodium de-
livery to the loop —animals pre-treated with an identical
dietary regimen to Group IV animals were infused with
1.2% NaCI. Table 3 and Fig. 3 display osmolar clearances
and TCHIO in the various Cosm ranges analyzed. No signi-
ficant differences were noted in any range when compared
with Group I rats. When compared with Group IV rats
(bicarbonate expanded, chloride-free diet), significantly
higher TCH2o was observed at all levels of Cosm over 250
j.tl/min (Fig. 3).
The normal TCR2O curves found in this group occurred in
association with a high urinary chloride excretion, similar
to that seen in Group I (Table 2). No difference in any of
the clearance parameters or plasma electrolytes was found
between this group and Group I. It is concluded from these
data that the dietary manipulation itself affected TCH2O
formation only when a low rate of chloride delivery to the
ascending limb was maintained by sodium bicarbonate in-
fusion.
Discussion
The present study suggests a lack of linearity in the re-
lationship between Cosm and TCH2O at very high rates of
flow in the rat. This contrasts with the results of previous
studies in this species [8—111 where a linear relationship
between Cosm and T°fl20 was observed under normal con-
ditions. It should be noted however, that in these previous
studies, osmolar clearance was rarely extended beyond
500 jil/min. Buckalew, Ramirez and Goldberg [10] com-
mented that deterioration of the animal occurred with
attempts to induce higher osmolar clearances. By contrast,
in the present study, osmolar clearances were regularly
observed above 1000 jil/min without any evidence of
deterioration of the animal. It seems likely that our ability
to induce these high osmolar clearances was related to the
tonicity of the solutions infused. Whereas we used solutions
of osmolality approximately 400 mOsm/kg H20, previous
investigators [6, 9, 10] used much more hypertonic solu-
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tions; e.g., 5% sodium chloride (theoretical osmolality
1710 mOsm/kg water). Such hypertonic infusions presumab-
ly would induce marked cellular dehydration and early
deterioration of the animal. In our study, the high osmolar
clearances were associated with normal glomerular filtra-
tion rate, mean arterial pressure and serum sodium concen-
tration, even when the infusion rate exceeded 1 ml/min.
During the control infusions of hypertonic sodium chlo-
ride, although the TCH2O curve appeared to flatten out at
higher osmolar clearances (Fig. 1), there was no tendency
for TCH2O to decrease or become negative. This contrasts
with the dog which frequently demonstrates a decreasing
to negative TCH2O formation with increasing osmolar
clearance at high rates of flow. In fact, in the studies of
Goodman et a! [2], it was shown that a significant number
of apparently normal dogs were able to form TCu20 only at
extremely low osmolar clearances, and that this group must
therefore be recognized and eliminated before a satisfactory
TCHZO study could be performed. Thus, although our results
do suggest a curvilinear rather than a linear relationship
between Csm and TcH20 in the rat, it nevertheless appears
that the rat is a more satisfactory animal than the dog for
use in clearance studies of the renal concentrating capacity.
The precise mechanism involved in the flattening of the
TCH20 curve at high osmolar clearances in the present study
cannot be determined from our data. Several factors which
may have contributed to this phenomenon can be postu-
lated. First, an increasing medullary blood flow with
washout of medullary interstitial osmotic constituents may
play a role. Second, a partial saturation of the mechanism
responsible for sodium chloride transport in the ascending
limb, such that increasing delivery of substrate to this seg-
ment was no longer associated with a proportional increase
in outward sodium transport, would result in a flattening
of the TCH2O curve. Third, a decrease in the water per-
meability of the collecting duct would theoretically depress
TCH2o formation. This explanation seems unlikely in view of
the large doses of exogenous Pitressin infused continuously
throughout the experiments. Finally, the delivery of hypo-
tonic fluid into the medullary collecting duct at high rates of
flow could account for the flattened curve. Since hypotonic
urine was excreted in some of the experimental groups, this
latter explanation appears the most attractive to account
for the flattened TcH20 curve at high flow rates in the control
group.
The second objective of this study, namely to evaluate
the role of sodium bicarbonate as a substrate for reabsorp-
tion in the ascending limb, and hence T0H20 formation, was
investigated in groups of rats on normal diets and diets
designed to produce chloride depletion [14]. In the rats on
normal diets infused with hypertonic sodium bicarbonate
(Group II), TCH2O formation did not differ significantly
from that found in Group I animals at osmolar clearances
in the ranges of 0—250 if/mm and 250 to 500 uI/mm. There
was however, moderate but significant depression of T0H2O
when compared to Group I animals at osmolar clearances
in the ranges of 500 to 750 and 750 to 1000 iil/min. Al-
though GFR, urine flow, sodium excretion and fractional
excretion of water were similar to Group I controls, there
was a much higher bicarbonate excretion and much lower
chloride excretion in this group than in Group I (Table 2).
We propose therefore that bicarbonate represents an im-
permeant anion in the ascending limb and that sodium
must be coupled with chloride rather than bicarbonate for
effective reabsorption in this segment. Thus, the depression
of the Tc1120 curve with bicarbonate infusions results from
a reduced delivery of sodium chloride to the ascending limb
in comparison with that delivered in animals infused with
sodium chloride. The extremely small amounts of urinary
chloride observed in the bicarbonate-infused animals would
support this explanation.
To investigate further the effect of delivery of an im-
permeant solute to the ascending limb on T02o formation,
a further group of rats (Group III) was infused with hyper-
tonic (7.1 %) mannitol, a known impermeant substance.
In this group, TCH2O formation was found to be normal in
the lower ranges of osmolar clearance, but depressed at
higher osmolar clearances in a manner strikingly similar to
that produced by sodium bicarbonate. In addition, in the
Cosm range of 1000 to 1 500 uI/mm, a range reached with
NaCl but not achieved with bicarbonate infusion, possibly
because of the profound alkalosis produced, there was a
rapid decrease in TcH2o formation, and free water was
actually formed in two of the three experiments. If one
examines the clearance data (Table 2), however, it can be
seen that in these rats, striking hyponatremia and hypo-
chloremia were produced and urinary chloride, again,
became very low, indicating decreased chloride delivery to
the ascending limb.
If, as suggested, bicarbonate represents an impermeant
anion to the ascending limb and Na transport at this site
depends on sodium chloride delivery, then a further re-
duction in delivery of this latter sodium salt should produce
an additional depression of the Ten2o curves. Group IV was
designed to examine this proposal. Rats of this group were
chronically depleted of chloride prior to infusion of hyper-
tonic sodium bicarbonate. As illustrated in Fig. 3, a very
dramatic depression of TCH2O formation did indeed occur
in these animals. Although the initial slope of the curve in
the Cosm range of 0—250 itl/min was normal, beyond this
range there was a rapid falloff in T°H20 formation, and in
three of the four rats, free water was actually excreted. The
mean final plasma chloride value was lower in this group
than in Group II (normal diet, bicarbonate-infused) ani-
mals (61 vs 69 mEq/liter), but this difference was not sta-
tistically significant. There was also no significant difference
in urinary chloride excretion between these two groups, but
it should be noted that in three of the four Group IV
(chloride-depleted) animals, chloride excretion at maximal
osmolar clearance was less than 5 uEq/min. The remaining
animal in this group had a moderate chloride excretion
which prevented the difference from reaching significance.
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It is possible that dietary factors other than chloride
depletion may have contributed to the depressed TCHZO
curves seen in Group IV. Such factors might include po-
tassium depletion or a reduced delivery to the loop resulting
from prolonged volume contraction with enhanced reab-
sorption in the proximal tubule. To exclude these possibili-
ties, another group of chloride-depleted animals (Group V)
were infused with hypertonic sodium chloride rather than
sodium bicarbonate. This group, despite a similar GFR,
V, UV and FE1120 to Group IV rats, nevertheless pro-
duced normal TcH20 curves, similar to Group I rats (Fig. 3).
Chloride excretion was high in this group (213.8
,.tEq/min at maximum C0sm) and not significantly different
from the Group I (control) animals (Table 2).
These studies thus suggest impaired sodium reabsorption
in the ascending limb when sodium chloride delivery to this
segment is reduced by replacement with sodium bicarbo-
nate, indicating that bicarbonate is not an effective sub-
strate for reabsorption in this segment.
Two alternative possibilities must be considered as ex-
planations for the depressed TCH2o curves during bicarbonate
infusion. First, it is possible that sodium bicarbonate was
acting as a substrate f or TcH2O formation, and was vigo-
rously reabsorbed in the ascending limb. At high rates of
tubular flow, the delivery of very dilute fluid to the distal
tubule might lead to a delivery of hypotonic fluid into the
medullary collecting duct, with a resultant decrease in TcH2O.
A second possibility is that T°1120 was depressed during
sodium bicarbonate infusion as a consequence of a greater
medullary blood flow at any given level of Csm. Such an
enhanced medullary blood flow might serve to remove in-
creased amounts of osmotically active constituents from
the medullary interstitium and hence decrease the stimulus
for water reabsorption in the medullary collecting duct.
Several lines of evidence, however, argue against these
explanations. If bicarbonate were avidly reabsorbed in the
ascending limb, then one might expect enhanced free water
clearance (CH20) per unit of sodium delivery to the ascend-
ing limb during infusions of hypotonic sodium bicarbonate
compared to hypotonic sodium chloride. In fact, Rosin et al
[12], in a previous study from our laboratory, have de-
monstrated that in the dog, free water clearance, plotted
against urine flow (V) as an index of sodium delivery to the
loop, is depressed during hypotonic sodium bicarbonate
infusion. If their data are analysed further and C1120 plotted
against chloride plus free water clearance (Cr1 + CH2o) as
the delivery term, free water clearance per unit of substrate
delivery is found to be identical during both hypotonic
sodium chloride and sodium bicarbonate infusion. These
results therefore fail to support avid bicarbonate reabsorp-
tion in the ascending limb as the explanation for depressed
T°1120 during infusion of sodium bicarbonate. Likewise,
the depressed CH2O curves during bicarbonate infusions
militate against the view that medullary blood flow is
enhanced to a greater degree with bicarbonate than with
sodium chloride infusions. Enhanced medullary blood flow
should cause a washout of solutes in the medulla, thereby
increasing CH2O; instead CH2O fell during hypotonic sodium
bicarbonate infusion. We therefore conclude that the CH2O
data constitute evidence against both theories and support
our contention that the essential substrate for ascending
limb sodium transport is sodium chloride.
The postulate that bicarbonate is avidly reabsorbed in
the ascending limb also seems unlikely in view of the very
early depression of TCH20 in chloride-depleted animals
infused with sodium bicarbonate (Group IV). In this group
TCH2O fell sharply, even at low rates of flow despite high
bicarbonate delivery to the loop. Were sodium bicarbonate
a better substrate than sodium chloride for reabsorption in
the ascending limb, the early T°H2O curve should have risen
more steeply with bicarbonate than with chloride infusion.
These findings strongly suggest that it is the low rate of
chloride delivery that is responsible for the depressed TOH2O
during bicarbonate infusion.
In somewhat similar T°H20 studies recently completed in
the dog [13], a group of animals were rendered acutely
hypochloremic by hemodialysis against a chloride-free
bath, and then infused with hypertonic sodium bicarbonate.
This maneuver was associated with the excretion of a urine
containing plentiful amounts of bicarbonate but essentially
no chloride. TC1120 formation actually became negative,
even at low rates of flow, again substantiating the importance
of chloride delivery to the ascending limb in TCH20 forma-
tion.
Finally, the striking similarity between the depressed
TCH2O curves of the animals infused with sodium bicarbonate
(Group II) and those infused with mannitol (Group III)
suggests that the effect of both solutes is mediated by a
common mechanism. Since the depressed TCH2O during
mannitol infusion is almost certainly due to the delivery of
an impermeant substance to the ascending limb at the
expense of sodium chloride, a similar mechanism is pro-
posed for the depressed Tc1120 during bicarbonate infusion;
i.e., bicarbonate represents an impermeant anion in the
descending limb.
The finding that sodium chloride but not sodium bicar-
bonate is the substrate for reabsorption in the ascending
limb is consistent with the recent in vitro microperfusion
data of Rocha and Kokko [16]. They demonstrated that the
thick ascending limb of the rabbit nephron possesses an
active chloride pump which is ouabain inhibitable and which
results in a positive transepithelial potential difference.
Sodium reabsorption thus appears to be the passive conse-
quence of active chloride transport in this segment.
Our results support the following conclusions: 1) in the
rat, at high osmolar clearances and tubular flows, TCH2O
ceases to be a linear function of osmolar clearance: the rate
of increase of T°H20 formation diminishes as osmolar
clearance increases above approximately 500 p1/mm; 2)
under certain circumstances, incomplete equilibration occurs
in the distal tubule of the rat resulting in depressed TCH2O
similar to that observed in the dog; and 3) sodium bicar-
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bonate does not appear to be reabsorbed in the ascending
limb; therefore, sodium chloride but not sodium bicarbonate
is the substrate for TCH2O formation.
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